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ABSTRACT 
The dynamic in te rac t ion  between the WMass 25 kW wind turbine, 
WF-1 , and the 1 ocal , turbulent wind . f i e l d  i s  investigated. The in tegra l  
length scale f o r  wind speed gusts i s  found t o  range from 40 t o  200 m. 
The system i s  seen t o  behave as a low pass f i l t e r  w i th  a c u t o f f  
frequency o f  0.03 Hz. Power i n  the wind w i th  gust frequencies below 
the c u t o f f  frequency i s  avai lab le t o  the wind turbine. This represents 
approximately 70% o f  the t o t a l  power i n  the turbulence, and about 
5% of the t o t a l  power i n  the wind. The power ext ract ion i s  independent 
o f  the wind d i rec t ion  f luctuat ions when the nacel le yaw i s  damped. 
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C H A P T E R  I 
INTROW TION 
The dynamic interaction between the UMass 25 kilowatt wind furnace, 
WF-1, and the turbulent wind fie1 d was investigated. The relationships 
between the gustiness i n  the wind and the machine response were 
measured, and related by treating the wind turbine as  a black-box system. 
To quantify these relationships, WF-I was instrumented by Murphy 
and ~irchhof l .  Mind speed and direction are measured a t  up to  f ive places 
in the wind f ie ld  with R.M. Young Gill type anemometers. These variables 
are recorded w i t h  rotor RPM, generator output current, and machine yaw 
angle on analog tape using an Ampex tape recorder. These data are digitized 
using an LSI/ll microprocessor and transmitted to the UMass Cyber System 
for processing. A xhenatic for  this data acquisition system i s  shown 
i n  Fig. 1. 
Data processing i n  preparation for s ta t is t ical  analysis i s  a two 
step process, detailed i n  Appendix A. The raw data, s.tored as alphanumeric 
characters, i s  edited t o  remove a l l  colons which can appear as a carriage 
return comnand when the data f i l e  is read. Then the data i s  translated 
into base ten decimals, equivalent i n  value to the binary word stored 
i n  the LSI, and scaled to the original level of the measured variables. 
The primry analysis of the dlscrete time series i s  then done using 
2 the Bianedical Statistical Package . Preparation and transmission of 
the data for use w i t h  the s ta t is t ical  package is docunented i n  Appendix 
A. Use of the Bimed program for  tlme series analysis is demonstrated 
i n  Appendix 0. 

The response o f  such a wind turbine generator to turbulence i n  the 
wind f i e l d  i s  not  well know, primari ly because o f  'the stochastic nature 
o f  the turbulence. Since a s i ~ l i f i c a n t  amount of energy can be extracted 
fram these randan f luctuat ions by an appropriately designed machine, i t  
i s  important t o  understand t h i s  response. 
A wind machine w i l l  respond to turbulence primari ly i n  two ways: 
variat ions i n  wind speed tend t o  change ro to r  RPM and output power, and 
variations i n  wind di rect ion tend to change the yaw angle. These responses 
are not necessarily decoupled, since a mchine must track the wind we1 1 
i n  order t o  get a consistent response t o  wind speed gustiness. Conversely, 
the gyroscopic moments set up by the changing RPM o f  the blades tends 
to rotate the mchine i n  yaw. The experimental evidence indicates that  
WF-1, wi th yaw damped, tracks the wind we1 1 enough to  consider yaw angle 
and RPM or generator output current to be decoupled responses t o  the horizontal 
gustiness. This i s  discussed i n  Section 3.3.3. 
The power i n  the turbulence i s  d ist r ibuted wi th  wind gust frequency, 
represented by the wind speed and wind di rect ion power spectral density. 
Some o f  t h i s  power i s  available f o r  extraction by the wind machine, and 
i s  i n  addit ion to  the power extracted from the mean wind. 
The maximun power which can be extracted from the turbulence by a 
wind turbine i s  dependent on how we1 1 the machine can respond t o  the highest 
frequency gusts. This i s  the Qmanic o r  frequency response of the machine. 
The frequency a t  which ha l f  the paue!r i n  the turbulence a t  tha t  frequency 
i s  extracted i s  the half-power point or cut-off frequency. This i s  con- 
sidered t o  be the highest frequency i n  the wind t o  which the machine w i l l  
respond. A turbine wi th a higher cut-off frequency can extract more 
power from the turbulence. 
The machine response can also be represented by the maximum g u s t  
length to which the machine can respond- The gus t  integral time scale and 
gust integral length scale are related through the mean wind speed, U: 
Another important part of the wind f iel d/wind turbine interaction 
i s  the influence which the nacelle and blade disc have on the local wind 
f ie l  d upstream of the nacel le, To measure this effect, the five anemometers 
were 1 ocated along a NNW 1 ine passing through the WF-1 center1 ine (F ig .  2). 
This i s  the direction of the prevailing winter winds, w i t h  four towers 
upstream and one downstream of the wind turbine. By measuring and recording 
wind speed signals from a l l  five anemometers simultaneously, the influence 
of the nacel 1 e and blade disc could be measured. The resul ts are discussed 
i n  detail i n  Chapter IV. 
The major emphasis of this work, then, i s  to quantify the response 
characteristics and to lay the groundwork by which designers i n  the wind 
power industry can optimize the extraction of energy from turbulence i n  
the wind. 
This work i s  by no means exhaustive. Additional work should be done 
i n  studying the effects of the machine i n  the near f iel  d upstream of the 
nacell e, and a more detailed assessment of the WF-I transfer function 
to include such factors as blade pitch, should be performed. However, 
the work now complete should provide a basis for making more detailed 
assessments o f  horizontal axis wind turbine designs i n  terms of wind power 
extraction potential. 

C H A P T E R  I I 
THEORY 
2.1 Introduction 
Fl uctuations i n  wind speed and direction, and their associated machine 
responses, are random variables. These are coupled through the action 
of the "bl ack-box" system. Since no explicit mathematical re1 ationship 
can be used to describe the time history of these variables, statistical 
parameters are used to describe their characteristics. The relationship 
between the input and the response can then be calculated using these 
parameters. 
Data for each of the system variables, both i n p u t  and response, i s  
considered to be stationary during the sampling period. This means that 
the statistical parameters of interest, such as the mean, variance, and 
integral scales of the turbulence, do not change significantly from one 
short interval to the next. 
Discrete data records pose restrictions on the resolution of information 
a h ~ ~ t  the variable in question. The highest frequency resolvable f o r  
a sampl i n g  time A t  i s  the Nyquist frequency, where: 
The minimum frequency and minimun frequency interval which can be resolved 
i s  the bandwidth. The bandwidth depends on A t  and the number of lags, 
rn: 
~e = #& (3  
The concept o f  time lags i s  discussed i n  Section 2.2.4 i n  conjunction 
wi th the autocovariance function. 
Seemingly, any resolut ion could be obtained by increasing the number 
of lags. However, the resu l ts  may becane unstable if m i s  greater then 
10% o f  the t o t a l  number o f  data points. Since the t o t a l  number o f  points 
comprising a data record i s  1 imited t o  1000 by BMDOZT, B i s  j nd i rec t l y  
e 
res t r i c ted  by record length as well as ~ t .  
The fol lowing sections inroduce the s t a t i s t i c a l  parameters used t o  
characterize the system variables. For a more deta i led description, refer 
3 4 t o  Bendat and Piersol o r  Harr is  and Ledwidge . 
2.2 Oescri p t ion o f  S ta t i s t i ca l  Parameters 
2.2.1 Mean, Variance, and Mean Square Value 
The mean o f  a data record consist ing o f  N points i s  calculated 
using the fo l lowing relat ions: 
where xi i s  the i t h  data point. 
The variance i s  the square o f  the f luctuat ions about the mean: 
The pos i t i ve  square roo t  o f  the variance i s  the standard deviation. 
The mead square value of  a random variable i s  the average o f  the square 
s f  each value i n  the time series: 
The mean variance, and mean square value a r e  re la ted  through: 
As an example, consider t h a t  the pawer i n  the mean wind is proportional 
3 t o  U . However., "power" a s  i t  is used in signal theory, is proportional 
t o  the square of the variable. Using this def in i t ion ,  the power i n  the 
f luctuat ing wind speed, u ( t ) ,  is proportional t o  its mean square value, 
u2( t ) .  The to ta l  power, by Eq. 7, is the sum of the power i n  the mean 
wind p l u s  the power in  the fluctuations:  
2.2.2 Probabili ty knsi ty Function 
The probabili ty dens iw function of a s tochast ic  variable 
is a measure of the probabili ty t h a t  the var iable  will f a l l  in a par t icu lar  
range a t  a given ins tan t  of time. The data is presented a s  the number 
of  times the variable f a l l s  within a specif ied range over the length 
sf the d a b  record. 
2.2.3 Autocovariance and Autocorrelation 
The autocovartance o f  a signal is a measure of the dependence 
the signal value has a t  one time on the  value a t  a l a t e r  time, 
For non-deterministic (i.e., randan) s ignals ,  a peak will occur 
i n  the autocovariance function a t  zero time lag. The autocorrelation 
function, Q ,  is the autocovariance function normal i red by R,(O), 
so that the magnitude of the ini t ia l  peak I s  unity. The autocorrelation 
function pslays an important role in determining the integral length 
sca 1 es of the turbulence, 
For a doc. signal, whose value i s  independent of time, there i s  
a perfect correlation between the values the signal has a t  any time 
lag. For a periodic signal, such as a sine wave, the autocorrelation 
i s  also periodic, having the form of the original signal. The super- 
position of noise on these. sfgnal s a1 ters their autocorrelations, as 
shown in Fig. 3. Canparison of these autocorrelations with those for 
5 experimental data provides useful insight into the process . 
The calculation of the autocovariance for a continuous waveform, 
for each time lag, T ,  uses the relation: 
l i m  1 T 
- I x ( t )  x ( t  +TI d t  Rx(T) ' T+CO (9) 
0 
For each r ,  Rx(r) i s  the average of the product of x ( t )  and x ( t  + T).  
Since x ( t )  can have the opposite sign to x ( t  +T) , the autocovariance 
function can be both positive and negative. 
The largest magnitude for R,(r) wi 11 occur when x ( t )  i s  al,ways equal 
t o  x( t  + T) for a l l  t, as  i s  a t  r = 0. This means that the autocovariance: 
and for the autocorrelation: 
- Q (TI 5 1 (11) 
For a continuous stochastic variable, the autocovariance function, 
as r. approaches infinity , approaches the square of the mean: 
Autocorrel a t  i on 
+1 .a 
-1 .o 
(a) Sine Wav 
(b) Sine Wave Plus Random Noise 
(c)  Wide Band Random Noise 
FIGURE 3. SOME P E R I O D I C  AidD RANDOM SIGNALS AND T H E I R  
AUTOCORRELATI . 
To s impl i fy  the in terpretat ion of the autocovariance, the s t a t i s t i ca l  
program BMD02T permits the detrending o f  the data as an option. For 
t h i s  investigation, t h i s  option was selected fo r  every analysis. 
BMD02T calculates the autocovariance from the raw data as: 
where p i s  the l a g  number and m the number of lags. The autocovariance 
i s  then detrended, which i s  equivalent t o  extract ing the mean and any 
1 inear trend i n  the raw data: 
R*(P) 1 -2 1 = Rx(p) - x - , x ( P ) ~ ,  2 (14) 
detrended 
where : 
N + 2  k = the integer par t  of 7
and p i s  defined as before. 
Since the program BMD02T extracts the mean of the data, i t  i s expected 
tha t6 : 
Similar ly,  fo r  T = 0: 
- 
From this, using Eq. (8), an estimation of t he  square of the fluctuations,  
2 ( u l ( t ) )  can be obtained. 
The Gil l  type anemaneter measures wind speed, u ( t ) ,  d i r ec t ly ,  but 
measures wind direct ion 8 ( t )  and not the l a t e r a l  f luctuat ions v ( t ) .  
The  re la t ionship between these var iables  is shown in  Fig, 4. Using 
the autocorrelation functions, a re la t ionship between B( t )  and v ( t )  
i s  found a s  follows: 
Eq. (24) i s  not true f o r  the autocovariance, s ince the relat ionship 
2 d n  Eq. (24) would then be d i f fe ren t  by a f a c t o r  of 1/U . 
By Eq.  (24), the integral  length sca le  f o r  the  desired variable,  
u ( t ) , i s  identical  t o  the integral  length sca le  of the measured var iable  
@ ( t )  - 
u + u' (t) 
Note: v '  (t) z v (t) i f  e = o IS chosen as 
the average wind direction 
FIGURE 4 .  VECTOR RELATIONSHIP BETLEEii THE 
L A T E W L  W IilD VELOC 1 3  COMPONENT V (t ) 
AND THE WIND DIRECTICII'I, e ( t ) .  
2.2.4 Power Spectral Density and Power Spectra 
The power spectral  density function (P.S.D.) f o r  d iscre te  
data is the signal power per uni t  bandwidth over the frequency range 
i n  question. The d iscre te  bandwidth is def ined  by Eq. (3). 
For s ta t ionary data, the PSD is related t o  the autocovariance 
through the Fourier Transform. The PSD contains the same information 
a s  the autocovariance, b u t  transformed in to  the frequency domain. The 
difference in form, however, sometimes gives new insight  i n t o  the nature 
of the process under investigation. 
Based on the Fourier Transform f o r  continuous data, the PSD is  
defined as: 
For d iscre te  data, the form of Eq. (25) i s  modified. The time se r i e s  
analysis program, BMD02T, actual l y  computes the PSD from t h i s  modified 
form and the previously computed autocovariance. This relation i s  
given be1 ow: 
where 
h = 0 , 1 , 2  ... m 
Note t h a t  S is a function of d iscre te  frequencies, hrlm~t, which is 
expected because of the minimum resolvable bandwidth, Be. Once the 
PSD i s  computed for each frequency interval, the PSD function is smoothed 
using Hamming's method. 
The PSD is graphed as the natural log of the PSD versus the natural 
log of frequency. This form presents constant powers of n as straight 
1 ines with slope equal to the constant power. However, this does not 
7 give a real i s t ic  weight to higher frequencies . For certain wo.rk the 
dimensionless form of the PSD, the power spectra, i s  frequently used 
in meteor01 ogical work. 
2 The power spectra i s  graphed for this work as nS(n)/U versus 
I n ( n ) .  This col lapses the frequency range of interest to convenient 
size b u t  perserves the area under the curve, since 
Either circular or radian frequencies may be used in the computation 
of the power spectra, since the non-dimensional group n ~ ( n ) / J ?  remains 
unaffected. 
2.2.5 Cross-covariance and Cross-correlation 
The cross-covariance of two signals i s  a measure of the 
dependence of the value of one signal to the value of the other a f te r  
5ome time lag, T. In an analagous manner to the autocovariance, the 
cross-covariance i s defined as: 
R (T) can be either positive or negative, similar to the auto- 
XY 
covariance, and i s  bounded in magnitude by the relation8: 
The peak in the cross-covariance may not be a t  T = o. For example, 
if a wind gust passes a point x in the wind field, and a t  a time T 
later passes a second point y in the wind field, unattenuated, the 
cross-covariance peak wi l 1 occur a t  -r = T. 
The cross-correlation has the same form as the cross-covariance, 
b u t  the peak is  normalized in magnitude to unity. For the cross-correlation 
functions, Eq. (29) becomes: 
One use that the cross-correlation function has in this work i s  
i n  testing Taylor's Hypothesis. The Taylor Hypothesis i s  t h a t  the 
9 turbulent cell s are carried along in the mean wind unchanged in character . 
If this is so, then the peak in the cross-covariance function should 
occur a t  a time lag T, where T is the time i t  takes for the mass 
wind t o  travel from point x to point y in the'field. In addition, 
the magni tude of the peak should be equal t o  (R,(o) R (0))''' based Y 
on Eq. (29). The results from this test are discussed in Chapter IV. 
2.2.6 Cross-Spectral Density 
The Fourier Transf om of the cross-covariance function 
gives rise t o  the cross-spectral density (C.S.D.): 
The cross-spectral density measures the relationship, in phase and 
magnitude, of two variables in the frequency domain. 
The magnitude relationship i s  the cospectrum, and calculated by 
BW2T as: 
where h ,  p, and c are defined as before. P 
The phase relationship i s  the quadrature spectrum. The program 
BMD02T calculates this as: 
The major importance of the cross-spectrum i s  in the calculation 
of the transfer function. 
2.2.7 System Transfer Function and Coherence Function 
The relationship between the i n p u t  to a system and i t s  
corresponding response i s  known as  the transfer function. As with 
the autocovariance - PSD relationship, the information in the 
transfer function can be represented in either the time or frequency 
domain. In the frequency domain the transfer function may also be 
call ed the frequency reponse function. 
The formal development of the time-domain transfer function comes 
10 from the concept of the impulse response . The system's response 
to a single impulse a t  t - r i s  defined as: 
where h ( r )  i s  the time domain transfer function. The relationship 
between the impulse and the response i s  shown in Fig. 5. Note that 
€0 Time,. t 
FIGURE 5. IMPULSE RESPONSE OF A LINEAR SYSTEM 
the system responds t o  the impulse a f t e r  the impulse occurs, so ~ ( T ) = o  
f o r  r < 0. ."- 
- 
While the concept of an impti1 se response i s  somewhat a r t i f i c i a l  , 
it i s  a. useful  ana l y t i ca l  too l .  A time h i s t o r y  of stochast ic var iables 
can be decomposed i n t o  a ser ies of impulses. Then assuming t h a t  the 
system i s  l i nea r ,  so t h a t  the responses t o  a1 1 o f  these impulses are 
addi t ive,  the system response t o  the inpu t  var iab le  x ( t )  can be wr i t ten :  
known as the convolution in tegra l .  
The i n f  o m a t i  on for  the response func t ion  y ( t )  can be transformed 
i n t o  the frequency domain by tak ing  the Four ier  Transform o f  both sides 
i n  Eq. (35). The resul  t i s :  
I n  the frequency domain, the t ransfer function i s  the r a t i o  of the 
output funct ion t o  the i npu t  a t  each frequency n.  
The Four ier  Transform i s  a lso  useful i n  developing simple re la t i on -  
ships between the PSD, CSD and the transfer function. These are  given 
below: 
The actual  computation i n  BMD20T f o r  the magnitude of the t rans fe r  
function i s  made w i th  Eq. (38). 
The coherence function i s  a measure of the 1 inearity of the system, 
which has been seen to be an important assaption. The ratio of the 
square of Eq. (38) and Eq. (37) i s  the coherence function squared: 
The magnitude of the coherence function i s  bracketed by the inequal i t y  
0 5 Hxy(n) 5 1 (40) 
and i s  equal to unity i n  the case of a 1 inear system. 
2.3 Integral Scales 
Turbulence i n  the wind field can be considered as three dimensional 
cel ls  being carried along with the mean wind. As these wind gusts 
pass by a stationary point, the spatial character of the gust  causes 
fluctuations in the wind speed as measured i n  the three orthogonal 
directions. The wind speed velocity is: 
where 1, J, and - k are the downstream, lateral , and vertical u n i t  vectors, 
respectively. The fluctuating components of the Reynold's decomposition, 
u l ( t ) ,  v b ( t ) ,  and w l ( t )  can be viewed in either the time domain or 
frequency domain. 
Viewed in the time domain, the turbulence i s  often characterized 
w i t h  the integral scales of length and time. 
The integral length scale can be regarded as average size of the 
large scale wind gusts. The integral time scale can be regarded as 
the time i t  takes for the average gust te pass a stationary po in t  in 
the wind field. T h i s  can be interpreted a s  the time required for the 
fluctuating wind speed signal to becane mcorselated w i t h  i t s e l f .  Phis 
11 time i s  defined as  the area under the autocorrelation curve . Thus 
the integral time scale Is: 
By Eq. ( l a ) ,  i t  is known that for random signals Q(T) will oscillate 
about zero a t  large T. For practical appl ication of Eq. (42) this 
simp1 ification i s  made: 
where rc is the time of the f i r s t  zero cross-over of the autocorrelation 
function. 
The length scale L i s  related to t h e  time scale by the mean wind 
speed, U:' 
L = UT 
The g u s t s  in the downstream direction have the longest length scale. 
~eunissen" found the ratio of length scales a t  19.3 III to  be: 
Since the largest gusts contain more power than smaller gusts ,  a s  ind i -  
cated by the -5/3 power decay law, the downstream fluctuations should 
contain significantly more power than the lateral  fluctwtions. Teunissen 
also found that the vertical f luctwtions to have approximately the 
same length scales. If this i s  true a t  the UMass s i te ,  the lateral 
and vert ical  fluctuations can be considered t o  have the same power. 
For th is  s i t e ,  however, the length scale o f  the vert ical  fluctuations 
was not measured. 
C H A P T E R  1 1 1  
WIND FIELD/WIND llJRBINE DYNAMIC INTERACT ION 
3.1 In t roduct ion 
By t r e a t i n g  the wind tu rb ine  as a  l i n e a r  "black-box" system, spec i f i c  
deslgn d e t a i l s  are n o t  requi red t o  obtain the response cha rac te r i s t i c s  
o f  the machine. Instead, the cha rac te r i s t i c s  o f  the d r i v i n g  ( inpu t )  
and response funct ions a re  measured and re l a ted  through the t r ans fe r  
funct ion.  
Even w i t h  t h i s  s imp l i f i ed  approach, important quan t i t a t i ve  r e s u l t s  
are obtained concerning the dynamic response o f  the wind turbine.  These 
include the "steady-state" operat ing charac te r i s t i cs ,  the c o e f f i c i e n t  
of power, Cp, t he  cu t -o f f  frequency, nc, and the f r a c t i o n  o f  power 
extracted from the turbulence. To obtain t h i s  information, a  ca re fu l  
character izat ion i s  required o f  the d r i v i n g  and response functions. 
The d r i v i n g  funct ions a re  considered t o  be wind speed and wind d i rec t ion ,  
character ized by t h e i r  i n teg ra l  scales and power spectral  densi t ies.  
The response funct ions are considered t o  be r o t o r  RPM, generator ou t?u i  
current ,  and machine yaw angle. The wind v e l o c i t y  f l uc tua t i ons  i n  
the v e r t i c a l  d i r ec t i on  a re  n o t  consfdered. 
It i s  assumed ad hoc t h a t  the system i s  l i n e a r  and t h a t  the yaw 
response i s  decoupled from the RPM/current response. The importance 
sf the 1  i n e a r i t y  assumption has already been discussed i n  Section 
2.2.7; the accuracy o f  the assu~lpt ion i s  tested w i t h  the coherence 
funct ion and discussed f o r  each t rans fe r  func t ion  measured. 
The analysis of the dynamic interactions i s  based on three analog 
records. Relevant information on these data and the i r  associated dl gitized 
records i s  s u m r i z e d  in Table 1. 
The data are  analyzed a t  two sampling rates ,  A t  = 0.5s and 5.0s. 
When analyzed using 100 lags, the total  resolvable frequency range 
i s  calculated from Eq. (2) and (3). 
I Minimum Be = = 0.001 Hz 
This three decade resolution, from 0.001 to  1.0 Hz. has been found 
t o  be adequate in measuring most of the important system parameters. 
3.2 Characterization of the Driving Function 
3.2.1 Wind Speed 
The important representation of the wind speed fluctuations 
i s  the PSD. T h i s  shows the distribution of power in the wind speed 
gusts by gust frequency. The smoothed PSD i s  used in the calculation 
of the t ransfer  function from wind speed t o  RPM and wind speed t o  current. 
By integrating the area under the PSD, the energy in the gusts in any 
frequency range can be calculated; this allows the calculation of the 
turbulent energy extracted by the wind turbine. 
The wind speed PSD fo r  each of the three analog records i s  plotted 
in Figs. 6,  7 and 8. Note tha t  the PSD represents the combined resul ts  
from the analysis of two digi tal  records. 
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FIGURE 6. WIiqD SPEED PObi'Ei? SPECTRAL DENSITY 
Frequency, n, Hz 
FIGURE 7. WIND SPEED POWER SPECTRAL DENSITY 
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FIGURE 8. WIND SPEED POWER SPECTRAL DENSITY 
~ a v e n ~ o r t ' ~  glves an empirical f i t  f o r  the PSD o f  t h e  u' ( t )  cmponent 
i n  atmospheric turbulence: 
where x = 1200 n/U and L h  i s  the f r i c t i o n  ve loc i t y .  To f i n d  the peaks 
fn  the PSD curves i n  Fig. 6, 7 and 8, Eq. (48) i s  f i t t e d  t o  the data. 
The f r i c t i o n  ve loc i t y ,  U*, was no t  measured f o r  any o f  the data 
records. Using a bes t  f i t  s t r a i g h t  l i n e  t o  the  l i n e a r  por t ion  o f  the 
PSD, U* i s  ca lcu la ted  using Eq. (48). 
The ca lcu la ted values f o r  U* are  shown i n  Table 2. Values f o r  
U* measured by Murphy and ~ i r c h h o f f l ~  under s i m i l a r  ccndi t ions a re  
shown f o r  comparison. The s i m i l a r i t y  o f  the values f o r  lk gives confidence 
i n  the resu l ts .  These values f o r  & are then used fn  Eq. (48) t o  ext ra-  
po la te  the PSD i n t o  the frequency range below 0.01 Hz. The f i t t e d  
power spectral  dens i t ies  f o r  the data a re  shown i n  Fig. 9. 
Comparing the data w i t h  t h e i r  respect ive f i t s ,  each PSD i s  seen t o  
, i ,;*si / i o l   lo^ the -5/3 power decay law above approximately O,Cl Hz, 
$ 2  the f i t t e d  curves. The apparent peak i n  the power spectrum For 
.Iri.3, F ig .  6, i s  a t  approximately 0.008 Hz, whereas the peak in the 
t ; X e d  curve i s  lower, a t  approximately 0.005 Hz. A s i m i l a r  comparison 
car! be made f o r  WFR21, Fig. 7 which shows an apparent peak around 
0.052 Hz, conrpared t o  the peak i n  the f i t t e d  curve a t  0.0045 Hz, The 
f ts For WFR18/22, i s  q u i t e  good. The apparent peak and the peak in 
the f i t t e d  curve are both c lose  t o  0.004 Hz. 
To character ize the turbulence i n  a d i f f e r e n t  manner, the  average 
gus t  s i ze  i s  estimated w i t h  the i n teg ra l  length scale. Two approaches 
D I G I T A L  GROUND AVERAGE FRICTION FRICTION MURPHY & GROW D 
WFR CONDITIONS WIND VELOC I T Y  VELOCITY , VELOCITY KIRCHHOFF CONDITIONS 
U s  m/s U*, m / s  FROMMURPHY PROFILE FROM MURPHY 
CALCULATED & KIRCHHOFF NUMBER & KIRCHHOFF 
FROM EQ. 4 8  
3/ 5 BARE 
1 7 / 2 1  SMOOTH 
1 8 / 2 1  SMOOTH 
I C E  CRUSTED 
SNOW 
0.366 0.361 4 BARE 
0.330 0.338 5 SNOW 
0.324 0.323 7 SNOW 
TABLE 2. COMPARISON OF CALCULATED FRICTION VELOCITIES WITH PREVIOUS RESULTS 
Frequency, n ,  Hz 
FIGURE 9. F I T T E D  WIND SPEED POWER SPECTRAL DENSITY 
t o  t h i s  ca lcu la t ion  a re  made: i n teg ra t i ng  under the autocorre la t ion 
t o  the f i r s t  zero crossing, and using ~ e u n i s s e n ' s ~ ~  r e l a t i o n  t o  i n t e r p r e t  
the peak i n  the power spectra. 
Teunissen's r e l a t i o n  f o r  ca l cu la t i ng  the in tegra l  leng th  scale 
from PS(n) i s :  
where PS(n) i s  the power spectra, and n i s  the peak frequency i n  PS(n), P 
The ca lcu la t ion  o f  the  in tegra l  scales from the autocorre la t ion and 
power spectra techniques a re  shown i n  Table 3. The autocorre la t ions 
and the power spectra from which these a re  ca lcu la ted are shown i n  
Figs. 10 through 15 and Figs. 16 through 21, respect ive ly .  
D i f f i c u l t i e s  a r i s e  i n  both techniques f o r  es tab l i sh ing  the i n teg ra l  
scales. For example, the power spectra f o r  WFR3 (Fig. 16) and WFR5 
(Fig. 17)  both peak a t  approximately 0,010 Hz. However, the dif ference 
i n  mean wind speed r e s u l t s  i n  a d i f fe rence  i n  gust leng th  when the 
gust frequency i s  c ~ n v e r t e d  t o  gust  length. 
I n  addi t ion,  m u l t i p l e  peaks o f  canparable magnitude occur a t  s i g n i f i -  
can t l y  d i f f e r e n t  frequencies i n  the power spectra. This occurs, f o r  
example, i n  the power spectra o f  WFR22 (Fig. 21). The comparison w i t h  
the in tegra l  scales ca lcu la ted f r a n  the autocorre la t ion f o r  WFR22 (Table 
3), i s  in te res t ing .  While the magnitude o f  the peak a t  0.012 Hz f o r  
WFR22 i s  s i g n i f i c a n t l y  stnal l e r  than the peak a t  0.004 Hz, the  corres- 
ponding leng th  scale agrees more c lose ly  w i t h  the autocorre la t ion resu l t s .  
A d i s t i n c t  d i spa r i t y  ex i s t s  f o r  the length scale as ca lcu la ted  
by the power spectra and autocorre la t ions f o r  records w i t h  A t  = 0.5s. 
Here the higher frequencies are weighted proper ly by the power spectra, 
b u t  probably a re  more dominant i n  shortening the time before the 
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FIGURE 16. WIND SPEED POWER SPECTRA 
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FIGURE 17. W I N D  SPEED POUER SPECTRA 
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FIGURE 18. WIND SPEED POWER SPECTRA 
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FIGURE 19. WIND SPEED POWER S P E C T M  
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FIGURE 20. WIilD SPEED POWER SPECTRA 
Frequency, n, Hz 
FIGURE 21. WIND SPEED POWER SPECTRA 
autocorrelation function becomes uncorrelated. As a consequence, the 
integral scales are  probably useful a s  an order of magnitude character- 
ization of turbulence in the wind. 
The best estimates f o r  the integral length scales are  shown in 
Table 4. As a comparison, data f o r  1, are  computed from Counihan's 
re1ationl6: 
1, = C(z) b (50) 
where z i s  the anemometer height and C and b are  constants obtained 
graphically based on the s i t e  roughness length, ho. Murphy and 
~irchhoff"  found h = 0.024 m f o r  the UMass s i t e  with no snow cover. 
Using t h i s  roughness length, b and C a re  approximately 0.18 and 100 
respectively. L U  i s  calculated from Eq. (50) t o  be 170 m. 
The disparity i n  the integral length scale estimates i s  not unexpected, 
because of the large variation in 1, seen i n  Table 3. 
3.2.2 Wind Direction 
The characterization of the wind direction fluctuations, 
v '  ( t) ,  as  a driving function are  most usefully described with the PSD. 
These are  shown in Figs .  22 through 24. As w i t h  the wind speed fluctua- 
tions, the autocorrelation and the power spectra are  used t o  calculate 
the integral scale. These a re  shown i n  Figs. 25 through 36. Data 
analyzed i n  this section a re  taken from the three analog records a s  
summarized in Table 1. 
The PSD f o r  wind direction, a s  with wind speed, closely follows 
the -5/3 power decay law above approximately 0.02 Hz. Unl ike the PSD 
for  u l ( t ) ,  the PSD f o r  v ' ( t )  shows no clearly defined peak, with the 
exception of WFR21, F i g .  23, which shows a narrow peak a t  0.006 Hz. 
ANALOG 
b,r:'F: R 
D I G I T A L  
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ESTI t44TION 
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TABLE 4 ,  RANGE ESTIMATION OF DOWNSTREAM INTEGRAL 
LENGTH SCALES 
Frequency, n ,  Hz 
FIGURE 22. WIND DIRECTION POWER SPECTRAL DENSITY: bfFR 3/5 
Frequency, n, Hz 
FIGURE 23. WIND D I R E C T I O N  POWER SPECTRAL DENSITY:  WFR7 7/21 
Frequency, n, Hz 
F I G U R E  24. WIND D I R E C T I O N  POWER SPECTRAL DEiJSITY : WFR18/22 
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FIGURE 31. WIND DIRECTION POWER SPECTRA : WFR 3 
0.01 
Frequency, n, Hz 
FIGURE 32. WIND DIRECTION POWER SPECTRA: WFR 5 
Frequency, n, Hz 
FIGURE 33. WIND DIRECTION POWER SPECTRA: . WFR 17 
Frequency, n, Hz 
FIGURE 34. WIND DIRECTION POWER SPECTXA : WFR 18 
Frequency, n, Hz 
FIGURE 35. WI;.ID DIRECTION POWER SPECTRA: WFR 21 
Frequency, n, Hz 
FIGURE 36. WIND DIRECTION POWER SPECTRA : WFR 22 
6 3 
In WFR22, Fig. 24, the only resolved point below 0.008 Hz seems to 
indicate a continued r i s e  in the PSD with a slope just l e s s  than 
-5/3. 
As discussed in Section 2.2.3, the autocorrelation of a harmonic 
function with superin~posed noise has a form similar to Fig. 3b. T h i s  
type of trend i s  seen in a1 1 of the autocorrelations which resolve 
frequencies in the 0.001 to 0.01 Hz band (Figs. 25, 28 and 30). An 
estimate of the frequency and period of these low frequency harmonics 
can be made from the autocorrelation. For example, in Fig. 28 one 
cycle of th i s  harmonic i s  seen to occur between T = 0 and T = 150s. 
The period, T, i s  estimated to be 150s, and the frequency, n ,  i s  approx- 
imately 0.0067 Hz. There i s  close agreement w i t h  t h i s  resul t  and the 
associated PSD (Fig. 231, which shows a peak a t  0.006 Hz indicating 
a strong harmonic component a t  t h i s  frequency. The estimates f o r  the 
period and frequency of these harmonics a re  shown in Table 5. 
Orawing f r ~ m  the analysis of the wand speed fluctuations, i t  is 
euf~ected that  two diFferent 'ntegral length scales wi! 1 be predicted 
f o -  the records analyzed w i t h  a t  = 0.5s and A t  = 5.0s. This sho.:ld 
be ~ a r t i c u l a r l y  evident in the average gust length predicted for  v t ( t ) ,  
sdrr;ce the autocorrelations f a r  records sampled a t  a t  = 0.5s cannot 
r e w i v e  the low frequency harmonic components. In addition, these 
autccorrelatf ans will be dcminated by higher frequency noise, t e ~ d i n g  
t c  shorten the predicted length scale. 
The integral scales as calculated from the autocorrelation and 
frm ~ e u n i s s e n ' ~  a r e  shown i n  Table 5. Teunissen's relation fo r  ca l -  
culating the integral length scale i s  shown below : 
The integral time scale, of course, i s  related to  the length scale 
through the mean wind speed. 
Comparison of each data record in Table 5 shows tha t  records WFR3, 
21 , and 22 do show a significantly longer length scale than WFR5, 17, 
o r  18. 
I t  i s  expected tha t  the disparity between the length scale calculated 
by records sampled a t  A t = 5s and those sampled a t  a t = 0.5s i s  because 
the records sampled a t  o t  = 0.5s could n o t  resolve the average gust, 
A comparison of the integral length scales calculated by the 
autocorrelation and power spectra techniques show that  a reasonabl e 
agreement exis ts  between the two predicted scales,  considering the 
inherent d i f f icul t ies .  
3.3 Characterization of Machine Response 
3.3.1 RPM 
Fluctuations in the angular velocity of the blade disc 
are primarily influenced by fluctuations in wind speed. The RPM power 
spectral density shows how the power in the fluctuations i s  distributed 
with frequency. These a r e  shown in Figs. 37 t h r o u g h  39. Each f igure 
i s  the combined resdl t of the analysis of one analog record with two 
sampl ing rates. 
Comparison of these power spectral densi t ies  shows tha t  the slope 
of the curve a t  low frequencies i s  approximately -5/3. The slope 
increase in steepness with the frequency, f a l l ing  off sharply above 
0.01 Hz. Above 0.10 Hz, the power i n  the fluctuations i s  three 
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FIGURE 37.  RPM POWER SPECTRAL DENSITY: WFR 3/5 
0.07 
Frequency, n, Hz 
FIGURE 38. RPM POWER SPECTRAL DEidSITY : WFR 17/21 
Frequency, n, Hz 
FIGURE 39. RPlvi POWER SPECTRAL DENSITY: WFR 18/22 
orders of magnitude smaller than that  a t  0.001 Hz. 
The PSD in WFR21 (Fig. 38) and WFR22 (Fig. 39) are nearly identical 
in magnitude over a11 resolved frequencies, shown in an overlay of 
the two spectra [Fig. 40). This indicates that  a1 though the yaw was 
undamped in WFR21 (see Section 3.3.31, the fluctuations in the RPM 
were primarily unchanged in magnitude and frequency. Yhi s supports 
the assumption that  yaw/RPM are decoupled responses. 
The PSD i s  only part of the response characterizations. To determine 
how well power i s  transferred from the wind speed fluctuations to  f luct-  
uations in RPM, the transfer and coherence functions must be analyzed. 
3 . 3 . 2  Genera tor  O u t p u t  Current 
The analysis of the fluctuations in the generator output 
current i s  similar to the RPM. The generator characteristics could 
be analyzed by studying the interaction between the RPM and current 
fluctuations, b u t  consistent with the "black-box" system approach, 
onay the wind speedicurrent interactions are studied. The current 
time series was not measured fo r  WFR18/22. 
Some comparison can be made between records WFR3/5 and WFEl 7/21, 
t o  determine the effect  of the undamped yaw on the current fluctuations, 
b u t  th i s  i s  d i f f i cu l t  because of significantly different  experimental 
:cndi tions. However, since the current fluctuations are directly in- 
F7 uenced by RPM f 1 uc tuations, which indicate that yaw/RPM are decoupl ed 
responses, i t  i s  a1 so f e l t  that  yaw/current are a1 so decoupl ed responses. 
The power spectral densities f o r  WFR3/5 and 17/21 are shown in 
Figs. 41 through 42. Both WFR3 and WFR21 show f l a t  peaks in the PSO. 
FIGURE 40. RPM POWER SPECTRAL DENSITY OVERLAY 
Frequency , n , Hz 
FIGURE 41. CURRENT POWER SPECTRAL DENSITY: WFR 3/5 
Frequency, n, H Z  
FIGURE 42. CURRENT POWER SPECTRAL DENSITY : WFR 17/21 
The peaks in WFR3, though s i w l a r  i n  mgnitubr XO xbe peak Jn kFR21, 
occurs a t  a higher frequency. The peak i n  WFR3 Qcrure near 0.01 Hz, 
compared t o  WFR2i which has a more c lear ly  defined peak near 8.002 
Hz. In both, the PSD f a l l s  of aoproxinately t o  the -513 power above 
0,01 Hz, They show that t b ~  f luctuat?ons contain an i n s ign i f i can t  
amount cf  power above 0.2 Hz, In  these respects,  the PSD f o r  current  
i s  s imilar  t o  the PSD f o r  RPM, 
3 . 3 . 3  Yaw 
The characterizatiorr of the yaw ang;e f l uc tua i t f~ns  a s  a 
response to  changing wind d i r e c t i ~ n s  i s  important i n  determining the  
effectiveness of yaw damping. The machine yaw i s  damped by shorting 
the f i e l d  leads of the yaw driver motor. In this mode, the motor a c t s  
as a generator and appl ies  a self-induced res tor ing torque t o  the nacei3e; 
t h i s  has the te~dency t o  damp o u t  high frequency f luctuat ions .  T h i s  
sh~:eM +eir! the machine track thti changing wind direct ion.  
'dFf(3J5 and 18/22 were tzken wi th  the yaw damped, ldFM17/2i was 
-':..; k,,:<i :-\I? th  undamped ( -: . .;r.. , 1 cads ;o yaw $;.*.iver mi;:-Lf,'i-.. 
no-c .(;kicrf~ed). Dui-i ng  the recilrding o f  WFR17/2i , 1 ei-gc c-,!:znges .En yal~! 
~ : , o s i t i o n s  were seen where the w-ind speed decrezsed qu-i~!c;l.y. T?,,E nacel le  
11w4ded .I,tr! .yaw 90' to  the west from the NNiJ mean posi tican, Thi: .is 
<??..,, - 
=, ,, ~ h u t . e d  t o  the gr-yoscopic mozents on tho nacel le  from the i:he.nging 
.: . j . - ,  .-. RFk. 
 ahe en^' has s t ~ d i e b  this e f f e c t  ana ly t ica l ly .  
Thz  paver spectral  dens i t i es  f o r  t h s  th ree  analog records f s  show1 
i n  Figs.  43 through 45. Comparison of Figs. 43 and 45 w i t h  Ffg. 44 
shows a sharp constant -in power d i s t r ibu t jons  a t  frequencies above 
?. 10 Hz. F3r- WFK5 and WFR18, power i n  the yzw f luc tua t ians  abobz 
Q * 01 
Frequency, n , Hz 
FIGURE 43. YAW POWER SPECTRAL DENSITY:  WFR 3/5 
Frequency, n, Hz 
FIGURE 44. YAW POWER SPECTRAL DEIdSITY: biFR 17/21 
0 
0.001 0.01 0.1 
Frequency, n, Hz 
FIGURE 45. YAW POWER SPECTRAL DENSITY : WFR 18/22 
0.13 Hz i s  distributed uniformly to  1.0 Hz, the highest resolved fre- 
quency: WFRl7 shows almost no power i n  the fluctuations above 0.02 
Hz. 'The power i n  the low frequency fIrse,tuations i s  substantially greater 
in WFR21 than i n  e i ther  MFW3 o r  WFR22. A t  0,032 Hz i n  WFR22, however, 
the PSD geaksata  magnitude comparable ~ f t h  WFR2l a t  t h l s  frequency. 
B u t  from Fig. 24 i t  i s  known tha t  t h i s  i s  the frequency of the Tow 
frequency hannonic in the wind direction fluctuations. Frorfi th i s  i t  
is  concluded tha t  darnped or undamped, the nacelle follows closely the 
lowest Frequency components of the changing wjnd dfrection. 
T h i s  can be seen a iso  i n  the autocorrelations of the nacelle yaw, 
giver1 in Figs. 46 through 51. Tne period of the long term f l u c t l r a t l ~ n s  
as  estimated from the autocorrelation are  shown i n  Table 6, along w i t h  
the strong harmonic frequencies from Table 5. 
Substantial agreement exis ts  between the frequencies fo r  yaw and 
wind direction for  WFRZ1 and 22 in Table 6. However, WFR3 shows tha t  
the nacelle i s  tracking a higher frequency component i n  the wind than 
..'he ?awest found from ',he wind di rec t im autocorrelatiori. Ey euamiq4nq 
:::., "'3 ffcr WFR3 wind direction, i t  is seep "Laat zhe PSD peak ' s ; 3 * t  
i n5  t r b c k j ~ ~ g  frequency, 0.008 Hz. This probably meas  tha t  the 0,008 
. , 
! - I . ; :  :.:a~flani: co?a*ains more pcjwer- than the 5.0025 Hz c o ~ p o n e n t ,  'This 
c,. 11r:c.i 3~ verified d i  rect7y, since the 0.0025 Hz peak was no:: .,?esal veL; 
if:.: :.,[.IS DSEa* 
The good comi;arison of resul t s  i n  Table 6 shows t h a t  a+; the 1 owest 
frequencies, the nacelle tracks the wind, whether damped or not. 
The presence of sharply defined narrow peaks i n  the yzw power 
spectrai densities indicates a mechanical resonance a t  these ?oints. 
ANALOG DIGITAL PEAK PEAK YAW PERIOD 
WFR W FR FREQUENCY FREQUENCY* FROM AUTO- 
CROSS-STREAM MACHINE YAM CORRELATION, s 
VELOCITY FLUCTUATIONS, 
v ( t ) ,  Hz Hz 
* B a s e d  on L o n g e s t  I n t e g r a l  L e n g t h  Scale. 
TABLE 6. LON FREQUENCY FLUCTUATIONS IN NACELLE YAW ANGLE IN 
RELATION TO WIND DIRECTION FLUCTUATIONS 
FIGURE 46. YAW AUTOCORRELATION: WFR 3 
Tine Lag, T, s 
FIGURE 47. YAW AUTOCORRELAT1O:i : WFR 5 
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FIGURE 48. YAW AUTOCOZREiATION : ;.lcR 17 
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FIGURE 49. YAW AUTOCORREUTIOil : WFR 21 
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FIGURE 50. YAW AUTOCORRELATION : WFR 18 
Q 
0% 
6 
Time Lag, T , s 
FIGURE 51 . YAW AUTOCORRELATIOid E WFR 22 
DIGITAL AVERAGE AVERAGE STEADY CUT OFF 
WFR ROTOR WIND STATE, FREQUENCY* 
SPEED, RPM SPEED, RPH- S/KI ( HALF-POklER 
U s  m/s POINT) 
n, Hz 
*Shown ~ n l y  f o r  records which resa lve  the 0.001-0.10 
Hz frequency band. 
-%ABLE 7. CUTOFF FREQUENCY FOR WIND SPEED TO RPM TRANSFER 
FUNCTION 
For example, a d i s t i n c t  peak e x i s t s  a t  0.035 Hz i n  the yaw PSD f o r  
WFR3, where no d i s t i n c t  peak occurs i n  the wind d i r e c t i o n  PSD. This 
information i s  more c l e a r l y  seen i n  the analys is  o f  the t r ans fe r  funct ion,  
and so a de ta i l ed  discussion i s  n o t  given here. The nature and loca t ion  
20 o f  these peaks i s  discussed i n  d e t a i l  by Cohen . 
3.4 Character izat ion o f  Wind Field/Wind Turbine In te rac t ion  
3.4.1 Wind Speed/RPM In te rac t i on  
The t r ans fe r  func t ion  and the corresponding coherence func- 
t i o n  a re  shown f o r  each data record i n  Figs. 52 through 63. On each 
transfer func t ion  i s  marked the "steady-state" response, which i s  calcu- 
l a t e d  as the r a t i o  o f  the average RPM t o  average wind speed. 
A cornparison o f  WFR3, 21, and 22, Figs. 52, 58 and 62, shows t h a t  
i n  each case the t r ans fe r  funct ion f a l l s  o f f  above 0.01 Hz reaching 
the half-power p o i n t  soon a f t e r .  Table 7 shows the data records w i t h  
the steady-state and half-power points, nc. In each case the ha l f -  
power 7o in t  o r  cutoff frequency i s  taken t o  be l / / T t i r n e s ~ . t t ; c  stzady 
s ta te  value o f  the t rans fe r  funct ion.  
I n  Fig. 52, the t r ans fe r  func t ion  f o r  WFR3 continues t o  increase 
in magnitude below 0.006 Hz, unl i k e  WFR21 and klFR22. Examination o f  
the PSD f o r  wind speed fo r  t h i s  record shows t h a t  the wind speed does 
n o t  contain r e l a t i v e l y  high power a t  t h i s  frequency. 'The RPM PSD, 
Fig. 37, continues t o  increase i n  magnitude down t o  0.002 Hz. This 
increases the value o f  the t rans fe r  func t ion  a t  these frequencies. 
Figs. 53, 59, and 63 show the coherence funct ions f o r  WFR3, 21, 
Frequency, n ,  Hz 
FIGURE 52. kIND SPEED TO RPM TRANSFER FUNCTION : idFR 3 
0.01 
Frequency, n, Hz 
F I G U R E  53. WIND SPEED TO RPPl COHERENCE FUNCTION: WFR 3 
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FIGURE 54. WIlJD SPEED TO RPM TRANSFER FUi\ICTZON: NFR 5 
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FIGURE 55.  h I N D  SPEED TO RPM COHERENCE SQUARED: WFR 5 
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FIGURE 56. WIND SPEED TO RPM TRANSFER FUNCTION : WFR 17 
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FIGURE 57. WIND S P E E D  TO RPM COHERENCE SQUARED : WFR 1 7 
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FIGURE 58. WIND SPEED TO RPM TWNSFER FUiiCTION: WFR 21 
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FIGURE 59. WIND SPEED TO RPM COHERENCE SQUARED: l iFR 21 
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FIGURE 60. k1ND SPEED TO RPM TRAI'iSFER FUFICTIOR: WFR 18 
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FIGURE 61. WIND SPEED TO RPM COHERENCE SQUARED: WFR 18 
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FIGURE 62. WIi4D SPEED TO XPM TRANSFER FUNCTION: MFR 22 
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FIGURE 63. WIND SPEED TO RPM COHERENCE SQUARED: WFR 22 
and 22. A t  the frequencies lower than 0.01 Hz, the coherence f o r  WFR21 
increases t o  0.9; the coherence f o r  WFR22 l e v e l s  o f f  a t  t h i s  point .  
I n  con t ras t  t o  t h i s ,  the coherence f o r  WFR3 i s  never higher than 0.75, 
and i s  as low as 0.5. 
The coherence func t ion  seems t o  i nd i ca te  t h a t  the RPM response 
behaved I n  a h i gh l y  non-l inear fashion dur ing record WFR3. However, 
i t  i s  most probable t h a t  the PSD f o r  RPM i n  WFR3 has been skewed upwards 
s ince nearby po in ts  were ca lcu la ted  as negative due t o  s t a t i s t i c a l  
"leakage." This would c e r t a i n l y  have the e f f e c t  o f  r a i s i n g  the magnitude 
of the t ransfer function and reducing the coherence. 
Above 0.10 Hz, the t rans fe r  func t ion  f o r  WFR 5, 17, and 18 (Figs. 
54, 56, and 60 ), l e v e l s  o f f ,  and the sca t te r  i n  the data points  becomes 
more apparent. A comparison o f  the coherence funct ion f o r  these records, 
Figs. 55, 57 and 61 , shows a marked decrease. It i s  concluded t h a t  
the RPM response became h igh ly  non-1 inear  above 0.10 Hz, and t h a t  con- 
c lus ions should n o t  be made about the wind speed/RPM in te rac t i on  i n  
t h i s  region wi thout  add i t iona l  work. 
F o r  c e r t a i n  speci f ic  frequencies, a sharp increase i n  the coherence 
funct ion and the t rans fe r  func t ion  i nd i ca te  a probabl e mechanical 
resonance i n  the system. The exact frequency where resonance occurs 
i s  no t  c lear .  Examination o f  a l l  records, Figs. 52 through 63, brackets 
t h e  resonance p o i n t  between 0.4 and 0.8 Hz. A fu r ther  discussion cati 
be found I n  Section 3 .4 .2 .  
3.4.2 Wf nd Speed/Current Interaction 
'The wind turbine response t o  wind speed fluctuations, as 
represented in the wind speed to generator ou tpu t  current transfer 
function, i s  most important. This i s  a direct measure of the conversion 
of energy i n  the turbulent wind f ie ld  into electrical power. These 
transfer functfons and their  associated coherence functions are shown 
in Figs. 64 th rough  71 representing records WFR3, 5, 17, and 21, Generator 
current was not measured for WFR18/22. 
Table 8 shows the calculated steady-state and half-power points 
for each record. The half-power point or cutoff frequency i s  defined 
to help times the steady s ta te  value of the transfer function. 
The wind turbine i s  seen t o  be a low-pass f i l t e r  with a half- 
power p o i n t  a t  0.03 Hz. A t  higher frequencies the transfer function 
drops sharply to 0.3 Hz and peaks again a t  0.67 Hz for both WFR5 and 
17. A corresponding peak in the coherence function indicates that  
this peak i s  n o t  a s ta t is t ical  aberation; i t  most 1 ikely represents 
a mechanical resonance. The peak frequency i s  we1 7 w i  thin the range 
for a resonance in RPM discussed i n  Section 3.3.1, and while a one- 
to-one correspondence may n o t  exist  between peak resonant frequency 
in RPM and current, the two frequencies are no doubt close. 
The qua1 i ty of the transfer function for  WFR3 and 21 can be con- 
zidered quite good, since the coherence function for these records 
i s  around 0.9, below 0.01 Hz. 
Mow that the half-power p o i n t  i s  known for the wind turbine, an 
estimation of the turbulent energy extracted by the wind turbine can 
be made. This calculation i s  made a f te r  a brief introduction to turbulence. 
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FIGURE 64. WIND SPEED TO CURRENT TRANSFER FUNCTION: WFR 3 
0.01 
Frequency, n, Hz 
F I G U R E  65. WIND SPEEO TO CURREidT COHERENCE FUNCTION: WFR 3 
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FIGURE 66. WIND SPEED TO CURRENT TRANSFER FUNCTION: WFR 5 
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F I G U R E  67. W I N D  S P E E D  TO CURRENT C Q H E R E N C E  FUNCTIOi ' I :  !JF2 5 
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FIGURE 68. WIND SPEED TO CURRENT TRANSFER FUHCTIOIt WFR 17 
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FIGURE 69. WIND S P E E D  TO CURRENT COHERENCE SQUARED: WFR I 7  
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FIGURE 70. WIND SPEED TO CURRENT TRAdSFER FUNCTION: WFR 27 
F r e q u e n c y ,  n ,  Hz 
F I G U R E  71. WIND SPEED TO CURRENT COI.IERENCE SQUARED: WFR 21 
DIGITAL AVERAGE 
WFR GENERATOR 
CURRENT, 
I, AMPS 
AVERAGE 
WIND 
SPEED, 
U, m/s 
6.35 
4.58 
6.96 
7.00 
STEADY CUTOFF 
STATE, FREQUENCY* 
AMP- s/m (HALF-POWER 
*Shown only for  records which resolve the 0.001 -0.10 
Hz frequency range. 
TABLE 8. CUTOFF FREQUENCY FOR WIND SPEED TO GENERATOR 
CURRENT TRANSFER FUNCTION 
The random fluctuations i n  wind velocity can be decomposed into 
the sum of a mean wind velocity, and fluctuations with zero mean. This 
i s  Reynol d '  s Decomposition. In the downstream directions, Reynold' s 
decmposi t i  on gives : 
u ( t )  = U + u l ( t )  (52) 
u t ( t )  i s  the instantaneous velocity fluctuation and 
I 
= '"% u l ( t )  d t .  0 T+w T 0 
Both the mean wind and the fluctuations contain power which i s  poten- 
t i a l l y  available t o  the wind turbine. 
The power contained in the mean or "steady-state" wind i s  given 
by : 
- I p A C  U 3 
ave - Z P 
where p i s  the density of a i r ,  A i s  the swept area of the disc,  and 
C i s  the coefficient of performance f o r  the part icular  wind turbine. P 
The maximum power which can be extracted from the turbulence by 
a wind turbine i s  dependent upon how well the machine can respond to 
the highest frequency gusts. This i s  the dynamic or  frequency response 
of the machine. 
The cutoff frequency i s  considered to be the highest frequency 
in the wind to  which the machine will strongly respond. 
The maximum power in the turbulent w i n d  available t o  a wind turbine 
i s  related to  the time average of u ( t j 3 :  
A relationship between the two power estimates i s  given by Manwe11 
and  ~irchhoff" : 
Comparison of Pmax/Pave for a1 1 data shows that approximately 5% of 
the total power i s  tied u p  in the turbulence (Table 9) .  
The mean square of the fluctuations, 7, i s  related through the 
Fourier Transform to the power spectral density of u '  ( t ) :  
Since the real wind turbine cannot respond well t o  frequencies higher 
than i t s  cutoff frequency, nc ,  only a fraction of the total power in 
the wind i s  available. The power fractions extracted from the turbulence 
is:  
TO obtain Pt  for  each data record, the equation for the Davenport f i t  t o  
the PSD i s  integrated up  to the cutoff (half-power) frequency, nc , 
and divided by the total area under the Davenport curve. These curves 
are shown in Fig. 9. 
Based on a cutoff frequency of approximately 0.03 Hz, WF-1 i s  
able to extract approximately 70% of the power in the turbulence. 
A general representation of P t  vs nc i s  given by the normalized cumulative 
PSD integral equation plotted in Fig. 72. This shows that a turbine 
with a better frequency response (higher cutoff frequency) will extract 
TABLE 9. POWER EXTRACTED FROM THE TURBULENCE 
WIND U U, 0.3 a 'max t % p m x  TURBULENT TURBULENT 
(m/s) (m/s) r s ( n ) d n  ~ s ( n ) d n  Pave CONTR IBUTION POWER LOST RECORD 'a ve EXTRACTED TO TOTAL DUE TO 
POWER EXTRACTED INERTIA 
% 'max 
Average Power Ex t rac ted  f rom Turbulence, %: 70 
Con t r i bu t i on  of Turbulence t o  Tota l  Ex t rac ted  Power, %: 3.5 
Maximum Poss ib le  C o n t r i b u t i o n  f rom Turbulence t o  Power Extracted,  %: 4.9 
NOTE: The mean wind speeds used i n  c a l c u l a t i o n  f o r  t h i s  t a b l e  a r e  f o r  WFR3, 21 and 22, 
s ince  the m a j o r i t y  o f  the  power i s  conta ined w i t h i n  the frequency range these 
records  reso l  ve. 
-01 0-1 
FREQUENCY, f, Hz 
Figure 72. Cumulative Power Spectral Density Integral 
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more power from the turbulence than an otherwise s i m i l a r  l ess  responsive 
machine. 
3.4.3 Nind Direct ion/Yaw I n t e r a c t i o n  
The n a c e l l e  yaw i s  damped i n  normal opera t ions  t o  he lp  the  machine 
t r a c k  t h e  changing wind d i r e c t i o n .  To evaluate the  d i f f e rences  i n  t h e  
damped and undamped yaw response, the  measured and t h e o r e t i c a l  wind d i r e c -  
t i o n  t o  yaw t r a n s f e r  func t i ons  a re  analyzed. The measured t r a n s f e r  func- 
t i o n s  and t h e i r  r e l a t e d  coherence func t i ons  a r e  shown i n  Figs. 73 through 
76. The damped and undamped t h e o r e t i c a l  t r a n s f e r  func t i ons  a re  shown i n  
Figs. 77 and 78, respec t i ve l y .  These were c a l c u l a t e d  by Cohen. 2 2 
The measured t r a n s f e r  funct ions a re  cha rac te r i zed  by a  wide s c a t t e r  
i n  the  data, w i t h  genera l l y  poor coherence (see Figs.  74 and 76). As a  
consequence, comparison w i t h  t h e  t h e o r e t i c a l  t r a n s f e r  func t i ons  i s  some- 
what speculat ive.  
I n  F ig.  73, f o r  undarrrped yaw, the  magnitude o f  the  t r a n s f e r  f u n c t i o n  
seen t o  decrease w i t h  i nc reas ing  frequency from the  steady s t a t e  value. 
Three narrow peaks occur a t  0.01, 0.04 and 0.36 Hz. 'The l a t t e r  two peaks 
buacket t the  0.05 Hz peak shown i n  t h e  corresponding t h e o r e t i c a l  curve, 
F ig.  78. The pr imary peak i n  F ig.  73 i s  lower i n  frequency than the  3.03 
Hz pr imary peak i n  F ig.  78. For the  damped case, F ig.  77 shows p r e d i c t e d  
peaks a t  0.001 and 0.0045 Hz. The l a t t e r  peak cou ld  correspond t o  the  
peak a t  0.007 I-lz i n  F ig.  75, b u t  t h i s  i s  n o t  c l e a r l y  so. I n  t h i s  case, 
however, t h e  pr imary  peak p r e d i c t e d  a t  0.001 Hz cou ld  w e l l  be c l o s e r  t o  
0.0025 Hz, a  reg ion  i n  t h e  measured t r a n s f e r  func t i on  which was n o t  r e -  
s c l  ved. 
L 
a 
% 
t 
(0 
L 
C - .  
0.01 
Frequency, n. Hz 
FIGURE 73. WIND DIRECTION TO YAW TRANSFER FUNCTION: WFR 17/21 
0. Ql 
Frequency, n, Hz 
F I G U R E  74. WIiiD S P E E D  TO YAK COHERENCE SQUARED: WFR 17/21 
0.001 0.01 0.1 
Frequency, n,  Hz 
F I G U X E  75. W II'ID D I R E C T I O N  TO YAW TRANSFER FUNCTION : 
WFR 18/22 
0. a1 
Frequency, n, Hz 
FIGURE 76. k'IidD DIRECTION TO YAW TRANSFER FUNCTION : 
WFR 18/22 
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Even though the  t h e o r e t i c a l  t r a n s f e r  func t ions  can no t  be v e r i f i e d  
d i r e c t l y ,  i t  appears t h a t  t h e  p red ic ted  peaks cou ld  w e l l  be c lose  i n  
frequency t o  those of the  ac tua l  system. Because o f  t h e  c l a r i t y  o f  the  
t h e o r e t i c a l  curves, they a re  most usefu l  i n  determining t h e  major d i f f e r -  
ences i n  the  damped and undamped yaw response. 
The most important  d i f f e r e n c e  i s  t h a t  damping severe ly  r e s t r i c t s  t h e  
magnitude o f  t h e  resonant o s c i l l a t i o n s .  This i s  seen i n  t h e  comparison 
o f  Figs. 77 and 78. I n  Fig.  78, t h e  magnitude o f  the  pr imary peak i s  
2 2 much g rea te r  than 7 DEG /DEG . The corresponding peak i n  Fig.  77 i s  much 
2 2 smal ler ,  a t  1.75 DEG /DEG . 
Yaw damping a l so  has t h e  e f f e c t  of a t tenua t ing  the  h igher  frequency 
response. I n  Fig. 77, t h e  damped response i s  seen t o  sharply decrease 
2 2 below 0.5 DEG /DEG a t  approximately 0.006 Hz. The undamped nace l le  s t i  11 
responds s t r o n g l y  t o  wind d i r e c t i o n  f l u c t u a t i o n s  above 0.35 Hz, and a t  
2 2 1 .0 Hz has a 1 eve1 response o f  1.0 DEG /DEG . 
Damping o f  t h e  n a c e l l e  yaw response thus at tenuates the  magnitude 
and frequency o f  t h e  resonant o s c i l l a t i o n s ,  thereby a l l o w i n g  t h e  n a c e l l e  
t o  b e t t e r  t r a c k  the  changing wind d i r e c t i o n .  

C H A P T E R  I V  
FAR FIELD MEASUREMENTS 
4.1 Introduction 
In Chapter 111, the response of the wind turbine t o  the dynamic 
wind field was investigated. This chapter investigates the effect 
t h a t  the wind turbine has on the wind field. 
A single analog record i s  analyzed t o  provide this infomation. 
In addition t o  generator current and wind direction, pulses from five 
anemometers in the wind field were recorded. The layout of the anemometer 
towers i s  shown in Fig. 2. 
The digitizing of the analog record was done in two different 
manners, as discussed in Section 4.2. The pertinent information about 
the analog and digital records i s  shown in Tab.1 e 10. 
The mean wind direction was along the 1 ine of the anemometer 
towers. This enabled an investigation into the validity of Taylor's 
Hypothesis, which i s  discussed in Section 4.3. In this context, the 
effect of the wind machine on the wind field can be easily discussed. 
4.2 Comparison of Data Analysis Techniques 
The initial analysis of the far field data used a different wind 
speed sampl ing technique from t h a t  used for the interaction measurements 
in Chapter 111, The wind speeds in WFR19 were determined using a 
LSI microprocessor program which counted the number of anemometer 
pulses over a given time interval, which in this case was 1.25s. These 
data were than analyzed in the standard manner w i t h  BMD02T after  trans- 
lation and scaling with DECODE (see Appendix A ) .  
ANALOG DIGITAL SAMPL ING DIGITAL AVERAGE 
WIND WIND INTERVAL WFR GENERATOR 
FIELD FIELD t , s  LENGTH, s CURRENT, 
RECORD RECORD I, AMPS 
AVERAGE WIND SPEEDS U s  m/s 
BY ANEMOMETER NUMBER 
TABLE 10. WIND FIELD RECORD DATA SHEET FOR 
WFR 1 9 AND 26 
The new sampling technique was necessary t o  sample a l l  f i v e  wind 
speeds concurrently, since only one anemometer pulse in tegrator  box 
was available. To check the results,  the autocorrelat ion f o r  the No. 
5 anemometer wind speed was computed a f t e r  sampl ing  i n  the standard 
manner. The resu l ts  are shown i n  Fig. 81. The in tegra l  time scales 
for No. 5 anemometer, as computed by the two techniques, are s ign i f i can t l y  
d i f fe rent :  11.9s f o r  the pulse in tegrat ing (o ld)  technique and 33s 
f o r  the averaging (new) technique. 
As a quick check t o  determine the val i d i  t y  o f  t h i s  processing 
technique, the probabil i t y  density function (PDF) o f  wind speed was 
plotted. Speeds f o r  anemometer No. 5 are p lo t ted  f o r  WFR19 and WFR21 
i n  Fig. 79. The PDF and WFR19 i s  s t r i k i n g l y  skewed toward higher wind 
speeds, and the right-hand t a i l  i s  c u t  short. The PDF f o r  WFR26 i s  
nearly symnetrical i n  shape. 
Because o f  these differences, an ana ly t ica l  comparison o f  the 
two techniques was made. For t h i s  comparison, the signal average over 
the time in terva l  (the new technique) was approximated as the average 
o f  the two in terva l  endpoints. The two techniques used i n  the analyt ica l  
comparison are shown i n  Fig. 80. 
The equations developed for  the sample mean using the 01 d and 
new techniques, respectively, are shown below: 
m l l F R  19 MFR 26 
Uind Speed Probability Density Function: '!FR 19/26 
FIGURE 79. WIi4D SPEED PROBABILITY DENSITY FUNCTION : WFR 19/26 
3 time, t 
Figure 80. Wind F ie1  d Record Sampl i n g  Techniques 
For a large number of data points, the means for bo th  techniques 
can be seen to be nearly identical. 
Similar equations for the autocorrelation were also de- 
veloped. For the old and new techniques, respectively, these 
are: 
For a small sampl ing interval , the instantaneous wind speed 
should be nearly identical with a time average of wind speeds 
near that point. Thus for a small b t ,  the two sampling techniques 
should yield similar results. The additional terms seen in Eq. 
(62) woul d then be negl igible. 
The quantitative assessment of the differences in calculated 
s ta t is t ical  parameters for the two techniques could not be made 
directly from these equations. For example, i t  could not easily 
be seen how the autocorrelation (and hence the integral scales) 
should be influenced by the change i n  d i g i t i z i n g  technique. 
As a resul t ,  a more d i rec t  approach was taken: each wind speed 
channel was processed sequentially with the 01 d technique. T h i s  
new record i s  WFR26. This approach i s  more cumbersome than sampling 
a1 1 channels simul taneously, b u t  re1 iable s t a t i s t i c a l  resul ts  are  
ensured. A direct  comparison of the differences i n  the two digitizing 
techniques was then made by comparing WFRl 9 and biFR26. 
The autocorrelation of wind speed for  WFRl9 and 26 are  compared 
fo r  each anemometer i n  Figs. 81 through 85. In Figs. 81, 82, and  83, 
the autocorrelation f o r  WFR19 takes sign if  icantly longer to become uncor- 
related than fo r  WFR26. This i s  probably because the averaging technique 
used in WFR19 obscured the high frequency randomness in the wind  speed 
signal. This would cause the autocorrelation function t o  remain 
correlated over a longer period. 
- - -  -- 
The idea t h a t  the averaging technique used in WFR19 attenuates 
the high frequencies i s  supported in the PSD of wind speed f o r  anemometer 
No. 5. The PSD fo r  WFR19 and 26 are shown in Fig. 86. Both  a re  seen 
to  f a l l  off t o  the expected -5/3 power, b u t  above 0.005 Hz, the fluctua- 
tions in WFR19 contain significantly less  power than WFR26. B u t  t h i s  ids2 
runs into diff icul ty in comparing Q,(r) i n  Figs. 84 and 85. These 
anemometers a re  2-blade radi i  ahead and behind the WF-1 centerline, 
respectively. For the anemometers downwind of the disc, high frequency 
turbulence from the blades i s  expected. If the averaging technique 
actually obscures the high frequency components in the turbulence, the 
autocorrelations fo r  WFR19 and 26 should be further apart,  not closer 
together as they are. This indicates tha t  the high frequency gusts 
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FIGURE 84. W IlJD SPEED AUTOCORRELATION, ANEFlOMETER NO. 2: WFH 19/26 
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FIGURE 86. WIND SPEED POWER SPECTRAL DENSITY: KFR 19/26 
are being attenuated in the wind f i e ld  close t o  the blade disc, as  
23 expected from theory . This is  discussed i n  Section 4.3. 
Additional work is  essential before the practical differences 
in the two sampling techniques can be completely understood. For the 
remainder of the work, only WFR26 i s  used. This technique i s  consistent 
with the other work a1 ready completed. 
4.3 Taylor' s Hypothesis 
~ a y l o r ' ~  hypothesized t h a t  fo r  isotropic turbulence, the turbulent 
c e l l s  were carried along with the mean flow, substantially unchanged 
i n  character over large distances. In the downstream direction, t h i s  
25. might be sumnarized as . 
where x i s  the distance between two measuring stations oriented parallel 
t o  the flow. 
A f i r s t  examination of Taylor's hypothesis i s  through the power 
spectra for  each anemometer. These are shown in Figs. 87 through 91. 
Examination of each power spectra in t u r n  reveals a genera7 d i s t r i -  
bution of power i n  the frequencies above 0.06 Hz downward, building 
a peak a t  0.045 Hz. This peak becomes higher and sharper as  the gust 
travels toward the blade disc. Passing through the disc, the power 
has again been redistributed into the higher frequencies. Since Figs. 
87 through 91 are power spectra and not the PSD for  each anemometer, no 
magnitude variation can be assessed. This i s  found from the 
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t ransfer  function. 
The t r ans fe r  functions f o r  the upstream anemometer t o  each down- 
stream anemometer are given i n  Figs. 92 through 95. Since the 
t ransfer  function in Figs. 92 and 93are  v i r t u a l l y  iden t ica l  i n  magni- 
tude and form, i t  i s  inferred tha t  no power redis t r ibut ion w i t h  frequency 
has taken place, A marked change takes place over the  in te rva l ,  w i t h i n  
--- - -.- ~. ~ - -  - - --- ~ - - . -.---.--p-----.p-..--.p----.... ~ . . 
3 blade r ad i i  of the wind turbine (Figs. 93 and 94). The power i n  the 
turbulence becomes sharply peaked a t  0.045 and 0.085 Hz. This power, 
a s  indicated in both the  t r ans fe r  function and power spectra ,  seems 
t o  be redis t r ibuted from the higher frequency gusts. 
Passing through the blades, a d i s t i n c t  change i n  the  t r ans fe r  
function magnitude indicates  s ign i f ican t  power extraction from the  m i n i m u m  
resolved frequency t o  about 0.05 Hz. Above t h i s  point  l i t t l e  power 
i s  extracted from the turbulence. For example, the  peak seen a t  0.085 
Hz i n  Fig. 94, i s  subs tan t ia l ly  unattenuated i n  Fig. 95. T h i s  r e s u l t  
i s  of course e x ~ e c t e d  since the half-power point i s  known t o  be 0.03 Hz. 
A t e s t  of Taylor 's  hypothesis can be made a t  l e a s t  i n  the  wind 
f i e l d  outside of the known reqion of influence of the machine. This 
i s  probably about 3 blade rad i i  from the machine, a s  inferred from 
the t r ans fe r  functions f o r  wind speeds. For th is  t e s t ,  the cross- 
corre!a t ions  between anemometers a r e  studied. 
,4 oust which remaivs unchanaed in character  and which moves along 
w i t h  the wind speed should be resolved a t  a downstream anemometer a t  
time T a f t e r  beina resolved a t  tower f ive.  The peak in the cross-corre- 
l a t i on  should be a t  this  time deplacement. Based on the mean wind speeds 
Frequency, n, Hz 
FIGURE 92. TRANSFER FUNCTIOi'J: WFR 26 ANEMOMETER NO. 5 t o  NO. 4 
Frequency, n, Hz 
FIGURE 93. TRANSFER FUNCTIOII: WFR 26 AilEMOWETER NO. 5 t o  NO. 3 
Frequency, n ,  Hz 
FIGURE 94. TRANSFER FUJCTION: WFR 2 6  ANEMOMETER NO. 5 t o  ii0. 2 
Frequency, n, Hz 
FIGURE 95. TRANSFER FUNCTION: WFR 2 6  ANEMOMETER NO. 5 t o  NO. 1 
and the distances between towers, the time lag expected for  each tower 
i s  tabulated i n  Table 11. For comparison, the cross-correlations are  
shown in F ig .  %; When time disulacement a t  the peak of each i s  compared 
w i t h  the ex~ected value, i t  i s  found that  Taylor's hypothesis i s  not 
conf i rmed. 
Taylor oriainally made th i s  hypothesis reqarding isotropic turbulence 
. - . .- 
in wind tunnel tes ts .  The extension as above to the anisotropic wind 
f i e ld  i s  probably not valid. However, while individual gusts may not 
retain thei r  identify in passina throuqh the wind f i e ld ,  the pwer dis- 
tribution w i t h  freauency remains substantial ly unchanged to  within 3 
blade radii  of the machine. 
TOWER 
NUMBERS 
AVERAGE 
WIND SPEED 
U ,  ms 
DISTANCE 
BETWEEN 
TOWERS, m 
CALCULATED 
GUST TRAVERSAL 
TIME BETWEEN 
TOWERS, s 
TABLE 1 1 .  - W I N D  SPEED GUST TRAVERSAL TIMES BETWEEN ANEMOMETER TOWERS 
ESTIMATED 
GUST TRAVERSAL 
TIME FROM 
CROSS-CORRELATIONS , s 
Time Lag, T, s 
FIGURE 96. WIND SPEED CROSS-CORRELATIONS 

C H A P T E R  V 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
The wind f i e l d  was character ized w i t h  the  i n teg ra l  scales f o r  wind 
speed and d i rect ion.  For wind speed the average gust leng th  was found t o  
be between 40 and 200 m; the average gust i n  the cross-stream d i rec t i on  
has smaller dimensions, between 17 and 100 m. The r a t i o  o f  these leng th  
scales i s  approximately 1:0.4. This i s  i n  agreement w i t h  Davenport, 
who found: 
L :L = 1:0.31 
U v 
(64) 
The power d i s t r i b u t i o n  i n  the wind turbulence was found t o  remain sub- 
s t a n t i a l l y  unchanged t o  w i t h i n  3 blade r a d i i  of the disc. Closer t o  the 
disc, power a t  h igh frequencies was attenuated, wh i le  power increased 
a t  lower frequencies, p a r t i c u l a r l y  a t  0.045 and 0.085 Hz. 
The power spectral  densi ty fo r  both wind speed and wind d i r ec t i on  
were seen t o  fa71 o f f  t o  the -5/3  power above 0.01 Hz, as expected. The 
peak i n  the PSD f o r  wind speed, as found from the fit t o  thr: empir ical  
re la t ionsh ip  o f  Davenport, i s  0.003 t o  0.004 Hz. 
The wind tu rb ine  was found t o  behave as a 1 ow-pass f i  1 t e r  w i t h  a 
half-power po in t  a t  0.03 Hz. Above t h i s  frequency, the power i n  the t u r -  
bul  ence i s  attenuated. 
The wind tu rb ine  captures about 70% of the power ava i lab le  i n  the 
turbulence. Such a s i a n i f i c a n t  power ex t rac t ion  po ten t i a l  should no t  
be ignored i n  f u tu re  designs. 
A comparison o f  the damped and undamped yaw response of the nacel 1 e 
showed t h a t  i n  both, the machine tracked the low frequency va r i a t i ons  
i n  wind d i rec t ion .  I n  a l i g h t ,  gusty, wind the nacel le  was seen t o  yaw 
more than 90" from the steady-state posi t ion.  This was found by Cohen 26 
t o  be due t o  the gyroscopic moments exerted on the nacel l e  by the r o t a t i n g  
blades. This was found t o  be a de f i n i t e  disadvantage i n  a l i g h t  wind, 
since the wind could n o t  always yaw the machine back i n t o  pos i t ion.  
This work has been by no means exhaustive. I n  pa r t i cu la r ,  three 
p ro jec ts  remain : 
1 )  Wind F i e l d  Visual izat ion:  smoke bombs released upstream o f  
the wind turb ine should provide a v i sua l i za t i on  o f  the a i r  f low 
through and around the blade disc. This would be he lp fu l  i n  
27 conf i rming the ana l y t i ca l  model by Modaressi and Ki rchhof f  . 
Prel iminary t es t s  are complete b u t  no resu l t s  have y e t  been obtained. 
2) Near F i e l d  Measurements: wind ve loc i t y  measurements i n  c lose prox- 
i m i t y  t o  the blade disc are required t o  confirm the model by 
Modaressi and Kirchhoff.  
3) The s t a t i s t i c a l  r e l a t i o n  between the two data analys is  techniques 
discussed i n  Section 4.2 would be most helpful  i n  the analys is  
o f  Far F i e l d  data i n  the future. 
The data acqu is i t ion  system i s  complete and h igh ly  versa t i le .  It i s  
hoped t h a t  the system w i l l  be used extensively i n  the fu ture t o  analyze 
the dynamic i n te rac t i on  o f  machine and wind f ie ld ,  and t o  study the 
power ex t rac t ion  from the a i r  turbulence by the wind machine. 
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A P P E N D I X  A 
DATA ACQUISITION AND PROCESSING SYSTEM 
In t roduct ion 
The data acqu i s i t i on  system u t i l i z e d  i n  t h i s  work a l lows the rap id  and 
e f f i c i e n t  c o l l e c t i o n  and transmission t o  the  UMass main-frame computer, 
the  CDC Cyber System fo r  processing. The i n i t i a l  system, described by 
Murphy and ~ i r c h h o f f ~ ~ ,  has been improved by us ing an LSI/11 microprocessor 
t o  d i g i t i z e  analog t ime series. The microprocessor then oversees d i r e c t  
transmission t o  Cyber by telephone, instead of handcarrying paper tape 
29 
as i n  the o r i g i n a l  system. Software f o r  the LSI, developed by McElhinney , 
makes the system h igh l y  v e r s a t i l e  and a l lows f o r  f a i r l y  sophist icated 
processing. 
The LSI sequent ia l ly  samples and d i g i t i z e s  the m u l t i p l e  analog i n p u t  
s ignal  s w i t h  a 12 -b i t  A/D converter. I n  t h i s  case the data comes from 
the seven channel Ampex tape recorder. Twelve-bit  b ina ry  words are stored 
i n  m i  roprocessor memory. 
The e n t i r e  process o f  sampling, d i g i t i z i n g ,  and s t o r i n g  the data 
requ i res  only a very shor t  time, less  than a mi l l i second.  For a r e l a t i v e l y  
shor t  experimental event, t h i s  would a l l ow  the acqu i s i t i on  of a la rge  
number of data points.  
Once stored, the information can be t rans fe r red  t o  the computer a t  
a r a t e  and i n  a form which i s  compatible w i t h  the data channel (telephone 
1 ines) . The c locking,  handshaking and coding tasks, are performed by 
30 the LSI, and described by McElhinney . 
The Cyber inpu t  buffer i s  designed t o  recognize ASCII coded information 
which i s  i n  the form o f  8 - b i t  words. For compatab i l i ty  w i t h  t h i s  data 
channel, the LSI breaks down the 12-bit words i n  memory into two 6 - b i t  
bytes, adds two "dummy" b i t s ,  and transmits them sequentially to Cyber. 
Encoded i n  th is  manner, the two represent the original 12-bit word a s  
a "high" byte and a "low" Byte. 
When received by the computer input buffer, each ASCII word i s  auto- 
matical 1y converted t o  an a1 phanumeric character and stored i n  Text Mode. 
Two characters now represent the original 12-bit word stored i n  the LSI. 
The following sections describe how th i s  series of characters can 
be simply converted. By means of the software algorithm, the FORTRAN 
program DECODE, the characters are  converted to a series of base ten decimals 
representative of the sampled experimental signals. 
E d i t i n g  the Raw Data File  
The experimental data, a f t e r  being transferred to mass storage a t  
Cyber, i s  in the form of ASCII characters. During translation with DECODE, 
part ial  1 ines of data can be inadvertantly dropped if two colons ( : )  occur 
together. To avoid th is ,  the f i l e  text  i s  edited and two characters, 
the coicn ( : )  and the circumflex ( * ) *  are changed into two-character symbols, 
respectively. 
The following sequence i l lus t ra tes  how to  edi t  the raw data f i l e .  
Responses from the computer are underscored. 
EDIT 
BEGIN TEXT EDITING 
? RS:/*/, /^A/ ;*  
- 
X X X  OCCURANCES OF PHRASE FOUND 
X X X  OCCURANCES OF PHRASE FOUND 
? END 
- 
END TEXT EDITING 
REPLACE 
READY 
The data f i l e  has now been translated and replaced on mass storage, 
ready for  translation w i t h  DECODE. 
Fig. 97 i s  the hard copy from an actual time-sharing session where 
a data f i l e  i s  edited. 
*Circumflex ( - )  i s  denoted with an up-arrow on TTY terminal s. 
Decoding the Edited Data Fi le  
The translation of the edited data f i l e  from a series  of ASCII charac- 
t e r s  t o  a s e t  of time-series i s  effected w i t h  the FORTRAN program DECODE. 
The t rmsla t ion  i s  a two-step process, involving the decoding of the ASCII 
characters and the scaling of the resulting values to  the measured levels 
of the original experimental variable. 
The decoding algorithm used by DECODE i s  based on the one-to-one 
correspondence between the value of the 6-bi t  byte transmitted from the 
LS? and the ASCII representation used by Cyber. The internal display 
c ~ d e ,  of each ASCII character, a two-place octal number, i s  used to  reference 
a matrix location which contains the decimal equivalent of the 6-bit  word 
t i e  character represents. 
The l eas t  signs'ficant b i t  (LSB) of the high byte i s  64 times the ' 
value of the LSB of the low byte. Tc combine the two translated characters, 
the high byte decimal representation i s  mu1 tip1 ied by 64 and  added to  
the law byte. The resul t  i s  the base ten decimal equivalent of the 12- 
b i t  word in LST memory. 
ZXIT TEXT ?<ODE* 
PACK 
i?E ADY 
SAVE 
SEGIN TEXT E3ITIPJG 
? Z S : / T / r / t A / ; *  
34 OCCUP.F.E?JCSS OF ?!??.ASE F O U N D *  
? !?s:/:/,/Ta/:* 
35 gCCU9RSNCSS OF P q R A S Z  F 3 U N D o  
? F:/:/ 
!'FIRASS N O T  FOUND* 
? 5313 
E I D  TZYT ZDITI?JG.  
Figure 97. E d i t i n g  Routine 
For the special case where a two character representation i s  required 
fo r  a & b i t  byte, the DECODE program makes the appropriate equivalence with 
the decimal value of the colon or  circumflex. 
As djscussed i n  Chapter I ,  the experimental information i s  scaled 
through the transducer and then through the Ampex tape recorder. Each 
channel of data may have a different scaling factor.  In addition, the 
analog to  digi tal  conversion imposes a scaling on the data. For example, 
w i t h  the A/D board s e t  to  receive a 10' maximum signal,  the value of the 
LSB i n  the 12-bit word will be: 
The value of an input voltage level V i  will be 
v 
The development of f ive  typical scaling factors  i s  shown in Table 
12. These a re  not always the scaiing factors  used fo r  t h i s  work because 
of varying t e s t  arrangements, b u t  for  each data record, the scaling factors  
are noted. 
DECODE requires information an the length of the edited data f i l e ,  
OP the scaling factors ,  the number of channels o f  experimental data, and 
as a reminder, asks the user to  riame the data f i l e .  A typical time-sharing 
session where the data f i l e  i s  decoded is  given in Fig. 98. User supplied 
jnfomation has been underscored. 
A general flow diagram of DECODE i s  presented i n  Fig. 99. To simplify 
the presentation, not a1 1 of the detail  s of the program are  included. 
I t  i s  f e l t  that the de ta i l s  of the program a re  best explained i n  the annotated 
l i s t i n g ,  gtven i n  F i g .  100. 
VARIABLE TRANSDUCER GAIN FOR TAPE RECORDER A/D A/D OVERALL 
SCALE TAPE RECORDER GAIN GAIN DIGITAL CONVERSION* 
COMPATAB I L  I TY SCALE 
ROTOR 2zV/167 RPM 0.406 (vo l tage 0.112 2 4095/5' RPM = 0.102xN010 
SPEED d i v i d e r )  
YAW 3.5'/340 DEG .. - 0.286 2 4095/5' YAW = 0 . 0 0 2 1 4 ~ N 0 ~ ~  
ANGLE 
GENERATOR 5 mv/3 AMPS 1 oV/67mv 0.100 2 4095/5' 1 = 0.0245xNOl0 
CURRENT, ( l o c k - i n  AMP) 
I ,AMPS 
WIND 5'/352 DEG - - 
DIRECTION 
LEG 
WIND 5"/25 m/s 
SPEED, u' , 
* 
NOiO i s  the  decimal equ iva len t  o f  the 12-bi t b ina ry  word s to red  a t  Cyber as ASCII Characters, 
o f  the  two 6 - b i t  words s to red  i n  the  LSI/11. 
TABLE 12. TYPICAL DATA ACQUISITION SYSTEM SCALING FACTORS 
FEADY *, 
TAPE 1 =!JFR23 
EE AC?' 
FU~f 
79/86/07' a @ 9 - 5 2 *  1.6. 
FILE DEC33Z 1 
>JAY': D323 SZO FILZ 
? !.JF?23 
T-10!-! M.4EJY C Y X i . ! Z E S  TO a E  ?3EC0135C?-12 FOXPIAT- 
? , J  
ENTE!? NO OF S : ' 1  SIT VORDS-15 F' -":AT- 
'? , .  4 . -  
SNTER SCALE FACTOQ FOS CH,n,?JNF,L 1 
. - . -7 5 
E2JTSR SCALZ FACT02 FOR CXANNZL, 2 
: * ? 3 ? 2  
-- .cF LA\] ; 23 SCALE FACT09 FOP. CYPJJ'JZL 
? .?9514 
SfiJTE;?? S C A L S  FACT33 FOX Z'<.%:.: 2L .! 
? a 3 5 3 4  
7 x 7  ;.JTZF! SCAL3 F.\ST':? "7. 3 <.:.-- .'5> 3 
? * 061P3 
, .  7 7  SF C 1 1 5  1 ! 3 3 7 196 
?51'.1J S F  C r i . W J N S L  2 IS 133 .38521  
:,Ss: 0 4  CIS>IJ?.ISL 3 15 l9.25705 
Or C~LV:!.JZL 4 I S  230. 17994 
FIZAiiS OF CFi'PY\N% 5 I S  6.395q4 
Figure  98. DECODE Time Shar ing  Sess ion  
*NO. OF CHANNELS 
*NO. OF 6-BIT WDS 
3 C A L E  FACTORS 
. 
CALCULATE NO. OF LINES 
- I N I T I A L I Z E  VARIABLES 
CALCULATE NO. OF CHARS. 
I TNF 1 
TRANSLATE 
CHARACTER REF DAT 
Figure 99. DECODE Information Flow Diagram 
Figure  99. DECODE Inforrna t i o n  Flow Diagram Continued 
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The t rans la ted data i s  w r i t t e n  by DECODE onto two l oca l  tapes, 
TAPEl and TAPE2. TAPEl contains the formatted data i n  F10.5 format. 
This can be copied t o  a p r i n t e r  f o r  a hard copy record of the data. 
TAPE2 i s  an FIN binary form o f  the data, which i s  compatible d i r e c t l y  
w i t h  the Biomedical program BMDOZT, and i s  the most e f f i c i e n t  form 
o f  s to r ing  the information as an i n d i r e c t  access permanent f i l e  on 
disc o f  a magnetic tape. 
DECODE i s  designed t o  be a h igh ly  versa t i le ,  e f f i c i e n t  software 
package f o r  the t rans la t ion  o f  microprocessor acquired data. The 
f low char t  and annotated 1 i s t i n g  of the program should provide enough 
information t o  make the necessary changes f o r  compatibi l  i t y  w i th  other 
data acqu is i t ion  systems. 
A P P E N D I X  B 
BIOMEDICAL STATISTICAL PACKAGE BMD02T 
The Biomedical S t a t i s t i c a l  Package B M D O ~ T ~ '  i s  a convenient way t o  
s t a t i s t i c a l  l y  analyze d i g i t a l  t ime ser ies.  Relevant parameters f o r  wind 
f i e l d  analysis,  such as autocovariance, power spectral  density, and 
t r ans fe r  functions, are  simply specified. Extraneous parameters can 
be deleted from the  output. 
On the UMass Cyber System, a shor t  ca rd  deck i s  submitted. The 
deck set  up i s  shown i n  Fig. 101. By changing the  "PROBLEM" and "SELECT" 
cards, the data ana lys is  i s  t a i l o r e d  t o  the needs of the experimenter, 
w i t h i n  c e r t a i n  1 i m i  t s .  
Data Analysis i s  1 im i ted  i n  t he  fo l low ing  four ways re levan t  
t o  t h i s  work32: 
(1) nurr~ber o f  t ime ser ies,  s: 1 - < s 5 20 
(2 )  number o f  data po in ts  i n  each ser ies,  N: 1 - < n - < 1000 
(3 )  t o t a l  number of data points:  N x s - < 17000 
(4)  number o f  lags, m: 1 - < m 5  199 
The actual  form of the  "PROBLEM" and "SELECT" cards i s  shown 
i n  an excerpt  from B M D O ~ T ~ ~ ,  F ig.  102. Preparation of the cards as 
shown i n  Fig. 102 i s  sel f -explanatory,  w i t h  one exception: f o r  f i l e s  
i n  FTN b inary  form, as obtained from DECODE, TAPE 3, columns 69 and 
70 on the "PROBLEM" card must conta in  the number 10. Th is  i s  f o r  
compa t i b i l i t y  on the UMass System. This i s  noted on the f igure.  
Sample output  from BMD02T i s  shown i n  Fig. 103. This includes 
an autocovariance function, power spectral  densi ty,  and a sample p l o t  o f  
each, as p r i n t e d  by the program. 
FIGURE 101. BMD02T J06 DECK SET-UP 
JOB ,T30. 
ACCOUNTNO ,USERNO, PSSWRD. 
GET(TAPE1 =pfn, ) 
COPYSBF(TAPE1 ,OUTPUT) 
GET(ALTAPE=pfn2) 
FItiDLIB ,OLDBMD. 
CALL, OLDBMD (PROG=BMDOZT) 
7/8/9 ---End o f  Record 
PRO8LM. . . Problem Card 
SELECT. . .Select Card See Fig .  102 for Card Preparation 
FINISH 
6/7/8/9 ---End of File 
Figure 102. BMD02T Card Preparation 
Preparation of the cards listed below is specific for this program. 
All other cards listed in the preceding section are prepared according 
to instructions in the ~ntroduction. 
b. Problem Card (One Problem Card fo r  each problem) 
Col, 1-6 PROBLM (Mandatory) 
Col. 7-12 Alphanumeric job code 
- Col. 13-15 , YES If original data a r e  to be printed in output; 
-- othexwise, leave blank, 
Col, 16-18 Y E S  If input series  is to be plotted; otherwise, 
leave blank. 
CoL 19-21 YES If detrending of the input series is called 
for; otherwise, leave blank. 
Col. 22-24 YES If prewhitening is used; otherwise, leave 
. . 
bll=t. (?.zc=!cri.iig s--2 also Le.g~&rmra,.) 
Col. 25-29 G Constant value, ICI < 1.0 as in l(f) 
(punch decimal). Leave blank if p rewhitening 
is not used. 
Col. 30, 31 Number of time ser ies  (1 5 s 20) 
Col. 32-35 Number of points in each series (1 5 n 5 1000) 
Col, 36-38 Number of lags (1 5 m 5 199) 
- .  
Col, 39,40 Number of selection cards (1 q 5 99) 
601, 41.42 -1 If the power spectrum is to be plotted in 
4 linear scale, 
00 If the power spectrum is to be plotted in log 
e 
scale. 
01 If. the power spectrum is to be plotted in both 
scales. 
Col,. 43-47 Constant time interval (punch decimal, e. g . ,  .01 
seconds) 
'Col; 48-53 Punch the time unit, e. g, , SECOND -- o r  MINUTE 
. o r  other units,. 
Col, 54-56 YES If reprocessing of data is desired, i, e, , 
the input data for the second problem is 
the same as  that far the f irst  problem 
and any transformations performed remain; 
otherwise leave blank, 
Note: Selection Cards are the only control cards 
-
necessary fo r  reprocessing. Special 
Transgeneration Cards may also be used. 
Col, 57-68 Blank . 
- 
Col, 69,7O -1 If the data are read in according to d( l )  
of this section, 
00  According to d(2)- 
T+70 T i s  the logical tape number for input data 
from tape in the form d(1) in binary. 
T T is the logical tape number for  input data 
from tape in the form d(2) in binary, 
-- S p & a r l Q  ZTN I& - 
Col, 1-6 SELECT (Mandatory) 
Col, 7 Blank 
e 
Col, 8-10 YES If the a u t o c o ~ r i a n c e  and power spectrum are 
ta be calculated; otherwise, leave blank, 
Col. 11 Blank 
Zol .  12-14 Y E S  If the cross-covariance and cross-spectrum 
are to be computed; otherwise, leave blank. 
Note: Cross.-spectrum cannot be. computed if 
-
d- prewhitening is performed on the series, 
Col, 15 Blank 
Col, 16-18 YES Lf the coherence square and transfer functions 
are to be computed; otherwise, leave blank, 
Figure 102. BMD02T Card Prepara t ion ,  Continued 
Note: Coherence s+re and transfer fuactions 
-
cannot be computed if the power spectrum was 
- 
nut computed, i, e. , Columns 8 - 10 must 
-
conbin YES also. 
Col, 19 Blank 
- CQL 20.21 Number designation of the base series. - 
CQL 22 A If the autocovariance of the base series is 
to be plotted. 
P If the power spectral estimates of the base 
series a re  to be plotted. 
-- 
B If both of the above are  to be  plotted, 
- Otherwise, leave blank, 
Col, 23,24 Number designafion of the base series if trans- 
formation: is to be performed on it, 
CQ~, 25-26 The number of series to be crossed with the base 
series (1 19). 
Note: This should equal 01 if only a single series is 
-
tahig,Lprtcess~3, 
Col. 28,.29 Number designation of the 1 st series to cross with 
the base series, 
Note: This should be the designation of the base series 
-
if only a-single series is being processed, 
CoL 30 A If the autocovariance of the series is to be 
- 
plotted, 
P I£ the power spectral estimates of this series 
are to be plotted. 
B If both of the above are to be plotted. Otherwise, 
- leave bl- 
CQL 3L C I€ the cross-covariance of this series and the 
base series is to beplotted. 
S If the cross-spectrum and phase of thia se-' ,xes 
and the base series a re  to be plotted. 
B If both of the above are  to be plotted, Other- 
wise, leave blank, 
'8  
- 
F i g u r e  102. BMD02T Card P r e p a r a t i o n ,  Cont inued . 
Col. 32 
. . 
H If the coherence square of this series  and 
the base series  is to be plotted. 
T If the transfer functions of this series  
and the base series  are to be plotted. 
B tE both-of the above a r e  to be plotted, 
Otherwise, leave blank, 
Col, 33,34 Number designation of the Ist  ser ies  to cross . 
with the base series  if transformation is to be : 
performed on it, 
Note; Columns 30-34 should be left blank if only 
I
. . one series is being processed, 
4 
Col, 35 ,36 .  Number designation of the 2nd se r ies  t o  cross 
- with the base series, 
Col, 68,69 Number designation of the 6th se r ies  to cross 
with the base series  if transformation is to be 
performed on it, 
. - - - --L.----* - __.- -- MA' --------- - 
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F i g u r e  103. BMD02T Sampl e Output,  Cont inued 
A P P E N D I X  C 
ARCHIVAL STORAGE OF EXPERIMENTAL DATA 
The d i g i t a l  wind f i e l d  records have been stored on magnetic tape 
f o r  archival  purposes. This appendix de ta i l s  the storage and r e t r i e v a l  
system used. 
Data Storage 
The magnetic tape i s  a nine-track, 1600 bpi 2600 f o o t  tape. The 
tape has been labeled in te rva l  l y  , so tha t  each o f  the many records 
stored can be ret r ieved by the previously used iden t i f i e rs .  
The tape i s  i d e n t i f i e d  f i r s t  w i th  the volume se r ia l  number (VSN), 
which on t h i s  tape i s  VSN=FANA, A spec i f i c  f i l e  i s  i d e n t i f i e d  i n  
a LABEL statement f i r s t  through a f i l e  i d e n t i f i e r  (FI), and then a 
set  i d e n t i f i e r  ( S I ) .  A l l  wind f i e l d  records, WFR3, 5, 17, 18, 19, 
20, 21 , 22, and 26 are 1 i s t e d  un FI=WFR and a se t  i d e n t i f i e r  o f  the 
form WFRx, where x i s  the record number. For example, WFR3 i s  i den t i f i ed  
under FI=WFR, SI=WFR3. 
Fig. 104 shows a c m a n d  sequence which might be used t o  w r i t e  
a new f l ' l e  WFRl onto tape. A second f i l e ,  WFR2 i s  read from the tape 
and stored on disc f o r  use w i th  BMD02T. Note tha t  F i l e s  f o r  use w i th  
BMD02T are wr i t t en  i n  FTN brimary form wi th  the COPYBF statement, 
Further de ta i l s  are avai lab le on the UMass Cyber Network Oper- 
34 a t ing  System manuals on magnetic tape usage . These are n o t  discussed 
here since they are changed from time t o  time, 
JOB, T20. 
ACCOUNTNO, USERNO, PASSWORD 
VSN (TAPE1 =FANA) 
GET (TAPE2=WFR30 ) 
LABEL(TAPE1 ,NT,D=1600,FA=D,SI=WFRrFI=WFRl ,PO=W) 
COPYBF (TAPE2,TAPEl) 
LABEL (TAPE1 , t ,D=1600 ,FA4 ,SI=WFR ,FI=WFR2,PO=R) 
COPYBF(TAPE1 ,TAPE3) 
SAVE (TAPE3=WFR2) 
6/7/8/9 -- end of information 
Figure 104. Magnetic Tape Usage 
